Hox genes controlling motor neuron subtype identity are expressed in rostrocaudal patterns that are spatially and temporally collinear with their chromosomal organization. Here we demonstrate that Hox chromatin is subdivided into discrete domains that are controlled by rostrocaudal patterning signals that trigger rapid, domain-wide clearance of repressive histone H3 Lys27 trimethylation (H3K27me3) polycomb modifications. Treatment of differentiating mouse neural progenitors with retinoic acid leads to activation and binding of retinoic acid receptors (RARs) to the Hox1-Hox5 chromatin domains, which is followed by a rapid domain-wide removal of H3K27me3 and acquisition of cervical spinal identity. Wnt and fibroblast growth factor (FGF) signals induce expression of the Cdx2 transcription factor that binds and clears H3K27me3 from the Hox1-Hox9 chromatin domains, leading to specification of brachial or thoracic spinal identity. We propose that rapid clearance of repressive modifications in response to transient patterning signals encodes global rostrocaudal neural identity and that maintenance of these chromatin domains ensures the transmission of positional identity to postmitotic motor neurons later in development.
a r t I C l e S Development of a functional CNS relies on mechanisms that assign precise positional identity to dividing neural progenitors. Signaling factors released from localized sources within the embryo subdivide the nascent neural tube along two principal axes: dorsoventral and rostrocaudal. Rostrocaudal patterning is established in early neural progenitors at around the time of neural tube closure 1 and manifests in the developing hindbrain and spinal cord through the differential expression of a phylogenetically conserved family of Hox transcription factors [1] [2] [3] [4] [5] . Although the activity of rostrocaudal patterning signals is transient, it has a lasting effect on the pattern of Hox gene expression that is maintained for the rest of embryonic development 1 . Maintenance of Hox gene expression is crucial for the generation of segment-specific types of spinal nerve cells, including columnar and pool-specific motor neuron subtypes that are necessary for the proper wiring and functionality of spinal motor circuits [2] [3] [4] .
Mechanisms that control the establishment and maintenance of Hox gene expression have been under intense scrutiny. Mouse Hox genes are organized into four chromosomal clusters, each of which harbors a subset of 13 paralogous Hox genes. Individual genes within these clusters are expressed in patterns that are spatially and temporally collinear with their physical chromosomal organization 6, 7 . Mutations in the polycomb group (PcG) complex of histone-modifying enzymes lead to defects in the maintenance of Hox gene expression 8, 9 , indicating that histone modifications and chromatin remodeling are important in rostrocaudal patterning. Hox chromatin is found in a compacted and repressed state in pluripotent embryonic stem cells (ESCs) 10 that is characterized by a high density of H3K27me3 deposited by the polycomb repressive complex 2 (PRC2) 11, 12 . The distribution of H3K27me3 modifications is altered during embryonic development, resulting in a clearance of repressive modifications from chromatin domains harboring transcribed Hox genes [13] [14] [15] . On the basis of a correlation between chromatin modifications and Hox gene expression, it has been proposed that progressive removal of the repressive modifications from Hox chromatin controls the temporally progressive collinear pattern of Hox gene expression 14 .
Rostrocaudal patterning of the embryo is controlled by diffusible patterning signals. Specification of cervical, brachial and thoracic spinal-cord identity depends on opposing gradients of retinoic acid and FGF signals 5, [16] [17] [18] . Retinoic acid secreted by the paraxial mesoderm activates RARs bound to genomic sites and initiates the recruitment of additional RARs within Hox chromatin domains harboring Hox1-Hox5 paralog genes 19 . FGF signaling activates the expression of more caudal Hox6-Hox9 paralog genes, which control brachial and thoracic spinal identity 5, [16] [17] [18] . The caudal-type homeobox protein Cdx2 is a candidate transcription factor linking FGF signaling to the regulation of caudal brachial and thoracic identity 18 . Wnt and FGF signals jointly induce the expression of Cdx2 (refs. 20-22) , and Cdx2 a r t I C l e S binding sites have been identified in a cis-regulatory element that is located between Hoxc8 and Hoxc9 (ref. 23 ).
To study the dynamic interactions between extrinsic signals and changes in chromatin architecture during rostrocaudal patterning, we developed an in vitro differentiation system that faithfully recapitulates the normal development of cervical and brachiothoracic spinal motor neurons. We provide evidence that patterning signals specifying cervical and brachiothoracic identity activate RARs and Cdx2 transcription factors that are recruited to distinct Hox chromatin domains. We demonstrate that this pattern of repressive H3K27me3 modifications is rapidly altered after exposure to rostrocaudal patterning signals. The repressive modifications are cleared from Hox chromatin domains occupied by RARs or Cdx2 transcription factors in a domain-wide saltatory process instead of the proposed temporally progressive directional process. We conclude that changes in H3K27me3 chromatin modifications are controlled by transient patterning signals and that stable maintenance of repressed and accessible Hox chromatin domains from progenitors to postmitotic motor neurons encodes the positional identity of differentiating cells and ensures proper specification of motor neuron subtype identity. On the basis of our findings, we propose a comprehensive model of rostrocaudal patterning that integrates the effects of extrinsic patterning signals, the activation of developmentally regulated transcription factors and changes in Hox chromatin modifications during neural development.
RESULTS

Domain-wide changes in Hox chromatin modifications
To characterize the mechanisms underlying the establishment and maintenance of the rostrocaudal pattern of Hox gene expression, we examined molecular mechanisms leading to the specification of spinal motor neurons with distinct rostrocaudal positional identities. We used an in vitro differentiation system of mouse ESCs to spinal motor neurons that recapitulates normal motor neuron development in a highly homogeneous neural context 24 . This system eliminates the potentially confounding influences of mesodermal and endodermal lineages in the developing embryo. The high yield and efficiency of motor neuron differentiation makes this system amenable to analysis of temporal changes in chromatin modifications by chromatin immunoprecipitation (ChIP) analysis 25 . ESCs are converted to cervical spinal motor neurons by joint exposure of cells on day 2 of differentiation to retinoic acid and a ventralizing sonic hedgehog signaling agonist (smoothened agonist, SAG) 24 . Retinoic acid treatment triggers the recruitment of RARs to genomic sites localized within the 3′ ends of Hox clusters 19 , leading to the specification of rostral cervical motor neurons expressing Hox4 and Hox5 transcription factors from paralogous groups A and C by day 6 of differentiation 16, 24 (Fig. 1a) .
To understand how retinoic acid signaling is translated into a developmentally stable pattern of Hox gene expression, we examined changes in the distribution of repressive PcG-mediated histone H3 modifications (H3K27me3) that have been previously implicated a r t I C l e S in the maintenance of Hox gene expression patterns. ChIP analysis revealed that the density and distribution of H3K27me3 modifications changed markedly during the differentiation of ESCs into motor neurons. Although the Hox clusters are covered by a high density of H3K27me3 modifications at the ESC stage, the repressive mark was reduced to background levels in a 3′ Hox chromatin domain spanning Hox1-Hox5 in motor neurons at day 7 ( Fig. 1b and Supplementary  Fig. 1 ). The H3K27me3-depleted domain corresponds to the domain bound by RARs after the addition of retinoic acid and harbors all Hox genes that are expressed in cervical motor neurons ( Fig. 1b) 19 . Together these data indicate that large-scale changes in histone modification patterns accompany the differentiation of ESCs into spinal motor neurons of defined rostrocaudal positional identity.
Chromatin-state analysis of mouse embryonic tail buds at different developmental stages suggested a directional and temporally progressive removal of H3K27me3 modifications from Hox clusters 14 . To determine the dynamics of H3K27me3 removal during neuronal development, we performed a time-series analysis of histone modifications during ESC differentiation into spinal motor neurons. The density of H3K27me3 modifications over Hox chromatin remained high until the addition of patterning signals on day 2 of differentiation ( Fig. 1c and Supplementary Fig. 2 ). After 1 d of treatment with retinoic acid and SAG (day 3 of differentiation), we observed a domain-wide decrease in the density of H3K27me3 modifications spanning Hox1-Hox5 ( Fig. 1c and Supplementary Fig. 2 ). By day 4 (the motor neuron progenitor stage), the pattern of H3K27me3 modifications over the Hox genes was indistinguishable from that observed in postmitotic motor neurons on day 7 of differentiation ( Fig. 1c and Supplementary  Fig. 2) . The rapid removal of repressive modifications was driven by retinoic acid treatment. Day-2 embryoid bodies that were treated with retinoic acid for 8 h showed marked loss of repressive modifications in the Hox1-Hox5 domain compared to control untreated cells ( Supplementary Fig. 2 ). Analysis of Ring1b and Suz12, components of the polycomb repressive complexes PRC1 (which is involved in chromatin compaction and repression of transcription 26 ) and PRC2 (a methyltransferase complex that is required for the maintenance of H3K27me3) revealed that both complexes are rapidly displaced from the activated Hox chromatin domains after retinoic acid treatment ( Supplementary Fig. 3 ). Together these results indicate that retinoic acid-mediated activation and recruitment of RARs to locations within Hox1-Hox5 chromatin initiates saltatory (rapid, domain-wide) removal of polycomb repressors and H3K27me3 modifications during motor neuron differentiation.
To directly compare the kinetics of H3K27me3 removal with the transcription of Hox genes using the same platform, we profiled histone H3 Lys79 dimethylation (H3K79me2) modifications. H3K79me2 modifications are correlated with the presence of an elongating RNA polymerase II complex and can thus be used as a proxy for transcriptional activity 27 . In contrast to the domain-wide changes in H3K27me3 density, a time-series analysis revealed temporally and spatially progressive accumulation of H3K79me2 modifications within the H3K27me3-depleted domain during spinal motor neuron differentiation (Fig. 1c) . This finding is consistent with the temporally progressive and collinear activation of Hox gene expression observed Fig. 2b ) and is reminiscent of the progressive collinear activation of Hox gene transcription after treatment of embryonal carcinoma cell lines with retinoic acid 6 . The dichotomy between the dynamics of H3K27me3 and H3K79me2 modifications is best illustrated by a comparison of Hoxa1 and Hoxa5. Whereas the rapid clearance of H3K27me3 from Hoxa1 coincides with H3K79me2 accumulation, the similarly rapid clearance of H3K27me3 modifications from Hoxa5 is followed by a delayed, gradual accumulation of H3K79me2 modifications (Fig. 1d) .
On the basis of these observations, we conclude that Hox chromatin is partitioned into transcriptionally accessible (H3K27me3-low) and repressed (H3K27me3-high) domains in response to retinoid signaling. The rapid kinetics of H3K27me3 clearance cannot explain the temporally progressive pattern of Hox gene transcription, indicating that the clearance of PcG-repressive chromatin modifications is permissive rather than instructive for activation of Hox gene expression.
Suz12 activity is required to maintain Hox gene repression
To study the role of H3K27me3 modifications, we investigated whether ESCs harboring mutations in key PRC2 components (Eed, Ezh2 and Suz12) can be directed to differentiate into motor neurons in vitro. Genetic inactivation of the PRC2 complex leads to the loss of H3K27me3 modifications and early embryonic lethality 28 . Likewise, ESC lines in which PRC2 function is disrupted (Eed −/− or Ezh2 −/− ) 29, 30 did not differentiate along a neural lineage. However, we determined that previously reported β-galactosidase (β-gal) gene-trap mutation of Suz12 (ref. 31 ) is a hypomorph, and ESCs homozygous for this allele maintain a low amount of H3K27me3 ( Fig. 2a and Supplementary Fig. 4 ). The hypomorphic line was able to differentiate into motor neurons, although with a lower efficiency ( Fig. 2b) . Analysis of Hox gene expression in Suz12 β-gal/β-gal ESCs differentiated into cervical spinal motor neurons revealed a significant increase in the expression of the brachial spinal cord Hox genes Hoxc6 and Hoxa7 (Fig. 2b,c) as compared to wild-type cells. Consistent with this observation, a subset of differentiated Suz12 β-gal/β-gal cells acquired the identity of limb-innervating motor neurons (Foxp1 + Raldh2 + Lhx3 − ) that are found in the brachial but not the cervical spinal cord (Fig. 2b,d) . Notably, Suz12 β-gal/β-gal mutant cells retained collinear expression of Hox genes during motor neuron differentiation ( Fig. 2e) . Together these findings provide evidence that the PRC2 complex is crucial for the maintained repression of
Hox genes that are located in H3K27me3-high chromatin territory and for proper specification of motor neuron subtype identity.
Wnt3A and FGF2 signals caudalize motor neurons Our observation that retinoic acid signaling leads to the clearance of repressive chromatin modifications from only a subset of Hox genes suggests that other patterning signals might control the removal of H3K27me3 modifications from more caudal Hox chromatin domains. To test this hypothesis, we examined mechanisms underlying the specification of more caudal spinal motor neurons. Wnt and FGF patterning signals are necessary for the specification of brachial and thoracic motor neurons expressing Hox6-Hox9 transcription factors 16 and are sufficient to induce caudal spinal Hox gene expression in chick neural tube explants 17 . We systematically optimized caudalization of differentiating ESCs by treatment with Wnt3A and FGF2 and identified conditions (150 ng ml −1 Wnt3a and 100 ng ml −1 FGF2) that gave rise to a mixture of motor neurons expressing the thoracic marker Hoxc9 (28.9 ± 3.1% (mean ± s.e.m.) of all motor neurons) and the brachial markers Hoxc6 (20.8 ± 2.4% of all motor neurons) and Hoxc8 (50.4 ± 7.1% of all motor neurons), as well as the limb-innervating motor neuron marker Foxp1 (28.6 ± 3.9% of all motor neurons) 32, 33 (Fig. 3a-c) .
To identify transcription factors that mediate the induction of Hox6-Hox9 by extrinsic Wnt and FGF signals, we focused on the evolutionarily conserved family of Cdx transcription factors that are necessary for the development of caudal structures 18, 34 . Of the three mammalian Cdx homologs, Cdx2 showed the greatest degree of upregulation (336-fold ± 22-fold (mean ± s.e.m.)) at 24 h after treatment with SAG, retinoic acid, Wnt and FGF (Fig. 3d) . Activation of Cdx2 expression was dependent on a synergistic action of Wnt and FGF, as treatment of cells with Wnt3A 16 or FGF2 alone did not induce high levels of Cdx2 expression ( Fig. 3d and Supplementary Fig. 5 ). Cdx2 protein expression was transient, dropping to basal levels by 48 h after the beginning of treatment (Fig. 3e) . These results raise the possibility that transiently expressed Cdx2 might mediate the synergistic caudalizing activity of Wnt and FGF signals and regulate Hox gene expression. npg a r t I C l e S
Cdx2 and FGF induce caudal Hox expression in motor neurons
To determine whether Cdx2 activity is sufficient to activate caudal Hox gene expression independently of Wnt and FGF signaling, we generated a doxycycline (Dox)-inducible V5-tagged Cdx2expressing ESC line (iCdx2) 25 . The functionality of epitope-tagged Cdx2 is demonstrated by its ability to suppress Oct4 expression after its induction in ESCs 35 (Fig. 4a) . Next we asked whether the expression of Cdx2 is sufficient to induce caudal Hox gene expression in the context of cervical motor neurons differentiated by retinoic acid and SAG. Combined Dox and FGF2 treatment of embryoid bodies also treated with retinoic acid and SAG on day 3 resulted in an efficient induction of Hoxc6, Hoxc8 and Hoxd9 expression ( Fig. 4b-d ). Expression of Cdx2 had no effect on Hox gene expression in the presence of the FGF receptor inhibitor PD173074 (Supplementary Fig. 5b) , and similarly, FGF2 treatment alone was not sufficient to induce caudal Hox gene expression (Fig. 4b,c) .
These results indicate that FGF signaling has a dual role during neural rostrocaudal patterning: first, it synergizes with Wnt to induce Cdx2 expression, and second, it synergizes with Cdx2 to activate caudal Hox gene expression.
Cdx2 binds and controls Hox chromatin modifications
If Cdx2 regulates Hox gene expression directly, it should bind to genomic locations within Hox clusters. We performed Cdx2 ChIP sequencing (ChIP-seq) experiments 48 h after Dox treatment and identified 39,493 Cdx2 binding sites (P < 0.001; Online Methods), including 118 binding sites within the Hox clusters (Fig. 5a) . The primary DNA sequence motif that was overrepresented under the Cdx2 ChIP-seq peaks corresponded to the previously described Cdx2 binding motif GYMATAAA 36 (Fig. 5b) . Cdx2 selectively binds within the Hox1-Hox9 paralogous chromatin domains ( Fig. 5c and Supplementary Fig. 6) , and the 5′ extent of Cdx2 association with Hox chromatin is in register with the last 5′ Hox gene (Hox9 paralogs) induced in caudalized motor neurons ( Fig. 5c  and Supplementary Fig. 6 ). Taken together these results reveal that Cdx2 associates with regulatory regions proximal to transcriptionally active Hox genes, suggesting its involvement in the direct regulation of Hox gene expression during the specification of brachial and thoracic motor neurons.
To npg a r t I C l e S FGF (equivalent to 24 h of Cdx2 expression). We observed a domainwide removal of the repressive histone modifications up to a boundary between the Hox9 and Hox10 paralogs ( Fig. 5c and Supplementary  Fig. 6) . The H3K27me3-depleted domain spans the genomic territory occupied by the Cdx2 transcription factor and harbors Hox genes expressed by Cdx2-and FGF2-caudalized motor neurons ( Fig. 5c and Supplementary Fig. 6) . These results suggest that, analogous to retinoic acid signaling, transient expression of Cdx2 in neural progenitors results in a global change in the Hox chromatin landscape, making a subset of brachial and thoracic Hox genes available for transcription in postmitotic spinal motor neurons (Fig. 6a) .
DISCUSSION
We determined a sequence of molecular events leading from the reception of transient patterning signals to the establishment of lasting rostrocaudal identity in neural tissue. On the basis of the combined analysis of extracellular signals, transcription factors and chromatin states, we conclude that the activity of retinoic acid, Wnt and FGF patterning signals is transmitted by RAR and Cdx2 transcription factors that bind to discrete Hox chromatin domains. Transcription factor binding is accompanied by a saltatory clearance of repressive H3K27me3 modifications, partitioning Hox clusters into activated and repressed domains. The H3K27me3 pattern is maintained through progenitor cell divisions until the postmitotic motor neuron stage, defining a rostrocaudally appropriate subset of Hox genes that are available for the expression and specification of motor neuron subtype identity. Consistent with the notion that patterning signals controlling postmitotic motor neuron Hox gene expression act early in development, we recently demonstrated that Hox genes are not properly induced during transcriptional programming of motor neurons from ESCs that bypasses neural progenitor stages 37 . Analyses of chromatin states in developing embryos and differentiating ESCs revealed that the temporally progressive activation of Hox gene expression is paralleled by a shift of the boundary between H3K27me3-low and -high Hox chromatin domains and a visible chromatin decondensation 14, 38 . These results suggest two interpretations: the removal of H3K27me3 progresses one gene at a time from the 3′ to the 5′ end of each Hox cluster during the period of rostrocaudal patterning, or alternatively, the different observed chromatin states are the product of discrete signaling events acting on distinct Hox chromatin domains. The results we present here favor the latter interpretation.
Time-course analysis of changes in Hox chromatin modifications revealed a removal of repressive modifications that is rapid (within 24 h after retinoic acid treatment) and that does not progress in a directional 3′-to-5′ manner at the time scale examined ( Supplementary  Fig. 2) . Notably, the kinetics of H3K27me3 removal does not correlate with progressive upregulation of Hox1-Hox5 gene expression over a 4-d period. We propose that what seems to be progressive directional removal of repressive modifications from Hox chromatin in vivo is actually an effect of sequentially acting patterning signals, each initiating clearance of H3K27me3 modifications from a different subdomain of Hox chromatin. Early in development, retinoids activate the rostral Hox1-Hox5 domain that is expressed in the hindbrain and cervical spinal cord. Later, specified brachial and thoracic segments are exposed to Wnt and FGF signals emanating from the node region 17 , leading to Cdx2 induction and activation of the more posterior Hox6-Hox9 domains. We speculate that other combinations of signals, including FGFs and growth differentiation factor 11 (Gdf11) 5, 39 , may be involved in activation of the Hox10-Hox13 chromatin domain.
The rapid removal of H3K27me3 modifications is probably accompanied by relaxation of Hox chromatin and large-scale chromatin remodeling 40 . We found that the PRC1 protein Ring1b (Supplementary Fig. 3) , which is necessary for the maintenance of condensed and repressed Hox chromatin 26 , is rapidly displaced from the activated domain. Thus our data are consistent with the reported formation of differential chromatin boundaries at different developmental times and rostrocaudal spinal cord positions 3, 14, 41 and with the large-scale remodeling of Hox chromatin observed by fluorescence in situ hybridization 10, 26, 38 .
Maintenance of H3K27me3-high domains is necessary for the stable repression of Hox genes. Whereas complete clearance of H3K27me3 modifications in Eed-and Ezh2-null ESCs is incompatible with neural differentiation, erosion of H3K27me3 modifications in a Suz12 hypomorph cell line results in a derepression of brachial Hox genes in cervical motor neurons. Ectopic expression of Hoxc6 and Hoxc7 leads to a change in subtype identity of the resulting motor neurons a r t I C l e S and generation of ectopic limb-innervating motor neurons expressing Foxp1. These findings are consistent with the observed derepression of caudal Hox genes in polycomb complex mutants 8, 9, 11 , including a recent study that demonstrated that downregulation of the PRC1 gene Bmi1 in the developing spinal cord in vivo leads to a derepression of Hoxc9 in the brachial spinal cord and a conversion of brachial to thoracic motor neurons 41 . The final expression pattern of Hox genes in the nervous system is highly complex and cannot be explained by binary division of Hox chromatin into permissive and repressed territories only. Expression of individual Hox genes within the permissive chromatin domain is fine tuned by secondary transcriptional interactions. For example, brachial Hox4-Hox8 transcription factors located in the permissive chromatin domain engage in crossrepressive interactions, leading to the diversification of motor neurons into distinct motor pool subtypes 2 . Similarly, the Hoxc9 transcription factor is crucial for direct repression of cervical and brachial Hox genes (Hox1-Hox7) in permissive chromatin territory, ensuring the generation of motor neurons with proper thoracic identity 3 . Notably, these secondary repressive events do not lead to reacquisition of H3K27me3-repressive polycomb-catalyzed modifications 3 (Supplementary Fig. 7) .
Expression of Hox genes in developing limb mesenchyme is controlled by distal regulatory elements that are brought into physical proximity of Hox genes by chromatin looping 42 . However, the transcription factors binding the distal regulatory elements have not been identified, and the mechanisms through which these elements are recruited to the proximity of selected Hox genes remain unknown. We speculate that RAR and Cdx2 transcription factors bound within Hox genes might coordinate long-distance chromatin looping and provide the necessary local anchor points to demarcate the precise chromatin domains to be activated during rostrocaudal patterning. Our observation that RAR and Cdx2 transcription factors bind in the vicinity of previously identified distal regulatory elements 42 (Fig. 6b and data not shown) raises the possibility that long-distance chromatin looping is based on homotypic RAR-RAR and Cdx2-Cdx2 interactions, which are analogous to the previously described long-distance interactions among chromatin sites occupied by estrogen receptors 43 .
On the basis of our studies of cervical and thoracic neural tissue, we propose a four-step model of Hox gene regulation during rostrocaudal patterning of the developing neural tube (Supplementary Fig. 8) . First, patterning signals activate the relevant transcription factors that bind to cis-regulatory elements within Hox clusters and to distal enhancers, resulting in chromatin looping. Second, the transcription factors recruit transactivators that initiate rapid, domain-wide clearance of repressive H3K27me3 modifications from the bound chromatin domains, leading to chromatin decondensation and transcriptional activation of Hox genes. Third, the established permissive and repressive chromatin domains are maintained until the postmitotic stage. Fourth, secondary transcriptional regulations of individual Hox genes within activated domains lead to the fine-grain patterns of Hox gene expression observed in postmitotic motor neurons.
Together, our data provide insight into the precisely orchestrated interplay between signaling molecules, transcription factors and chromatin modifications that jointly contribute to neural tube patterning. These findings open new approaches for directed differentiation of ESCs to the caudal spinal cord nerve cells by extrinsic signals or forced expression of the Cdx2 transcription factor. The study highlights the utility of ESCs as an optimal system to study mechanisms governing embryonic development, to test the inferred principles and to eventually use the developmental logic for the production of cell types that will advance our understanding of the nervous system in health and disease.
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